Abstract-The increased grid-penetration levels of energy produced by renewable sources, which have almost no inertia, might have a negative impact on the reliable and stable operation of the power system. Various solutions for mitigating the aforementioned problem were proposed in the literature. The aim of this paper is to evaluate the technical viability of utilizing energy storage systems based on Lithium-ion batteries for providing inertial response in grids with high penetration levels of wind power. In order to perform this evaluation, the 12-bus system grid model was used; the inertia of the grid was varied by decreasing the number of conventional power plants in the studied grid model while in the same time increasing the load and the wind power penetration levels. Moreover, in order to perform a realistic investigation, a dynamic model of the Lithium-ion battery was considered and parameterized. All the studies were performed in real time on a laboratory setup composed of RTDS and dSPACE platforms.
I. INTRODUCTION
The current trend in energy generation is heading towards increasing renewable energy sources (RESs), mainly in form of wind and photovoltaics (PVs). European Union plans to achieve 20 % energy production and over 10 % share in transport covered by RES in 2020 [1] . Denmark plan towards 2020 is to possess over 35 % of energy production provided by RES and wind power is supposed to supply nearly half of the total electricity consumption [2] .
Growing participation of RES in power systems leads to the replacement of thermal power plants, which further implies decreasing numbers of conventional power plants (CPPs) based on synchronous generators [3] . The typical attribute of CPPs is a direct coupling between the grid electrical frequency and speed of the generator rotor. Thus, the generator rotating mass behaves as a kinetic energy storage and provides inertial response (IR). Modern wind power plants (WPPs) are commonly equipped with power electronic interfaces, which decouple the generator speed from the grid frequency. Therefore, the IR of RES is not as inherent as it is in the case of CPPs [4] . As the reduced system inertia can affect the grid stability, there is a need for supplementing it. Different methods for emulating IR, such as using energy storage systems, curtailing RES, overloading WPP and demand side management are introduced in [4] . Moreover, VSC-HVDC systems represent an alternative solution to emulate the inertia of synchronous generators, as presented in [5] . Candidates for control of wind power plant IR are summarized in [6] . Inertial and frequency response from wind turbines, together with experimental tests, are presented in [7] . As a part of demand side management, multi-stage underfrequency load shedding is proposed in [8] . The utilisation of energy storage systems (ESSs) for IR is described in [9] and [10] . Studies for utilisation of the ESS based on ultracapacitors [10] , [11] , pumped hydros [12] , [13] , flywheels [14] and battery systems as Lead-Acid [15] and Sodium-Sulfur [16] for the IR have been carried out.
Another available energy storage technology are Lithiumion (Li-ion) batteries, which are characterized by high efficiency, fast response and long life time [17] . This attributes makes them suitable for delivering grid services for short and medium time frame, like primary frequency reserve (PFR) [18] . PFR requirements does not demand the fully utilization of an unit directly after its activation. This time window can lead to further utilization of Li-ion based ESSs due to their fast response. Therefore, the focus of this paper is to evaluate the technical viability of utilizing the ESS based on Li-ion batteries for providing IR. Due to the short duration of the IR, the dynamics and limitations of the Li-ion battery have been considered using the standard detailed model of Li-ion battery provided by [19] , [20] .
Study cases are performed on the 12-bus grid model, which is modified to include WPPs and ESS. The laboratory setup consists of real time simulation platforms RTDS and dSPACE. They are appropriate for this investigation due to their computation performance for short term simulation.
The present paper is organized as follows: Section II describes the role and meaning of the IR in the grid. Section III presents modeling of the system and the simulation environment for studies. Two study cases together with operational metrics are included in Section IV. Conclusion is provided in Section V.
II. SYSTEM INERTIA AND FREQUENCY CHARACTERISTICS
Power system stability is defined as "the ability of an electric power system, for a given initial operating condition, to regain a state of operating equilibrium after being subjected to a physical disturbance, with most system variables bounded so that practically the entire system remains intact" [21] . In relation to large disturbances in active power balance, rotor angle and frequency stability are the main concern. While rotor angle stability is concerned with maintaining the system synchronism, frequency stability ensures the operation of the system in a tolerable point of frequency equilibrium with minimal loss of load. With frequency deviation over the limits, typically between 0.1 Hz/s and 1 Hz/s [22] , protective relays I n e r a l R e s p o n s e E l e c t r oma g n e c s t a g e Fig. 1 . Stages of frequency response by Union for the Co-ordination of Transmission of Electricity (UCTE) [26] .
get activated and lead to island mode operation or up to the blackout of the system [21] , [23] .
In general, the response against sudden change in the active power balance is usually divided into five stages as it is shown in Fig. 1 . The first stage is the electromagnetic energy release from the magnetic field of synchronous generator lasting approximately 1/3 seconds, it is related to maintaining of synchronism [24] . The second stage comes directly after the electromagnetic release; it lasts in range of few seconds and it is known as the IR. In terms of rotor angle stability, the IR in the grid is connected to a change of the rotor angle of synchronous machines. Sufficient amount of grid inertia supports to keep this angle within certain bounds to remain synchronism. In terms of frequency stability, it influences the rate of change of frequency (ROCOF), which is an important parameter for activating protective relays; and the maximal deviation of frequency, which is directly connected to load shedding [21] , [23] .
The third stage is the activation of PFR, which should start within a few seconds, and be fully deployed by 30 s. PFR stabilizes frequency in steady state with constant deviation from the nominal frequency. The subsequent action is deployment of secondary control reserve within 15 minutes to bring frequency to the nominal value and free up the PFR. Further it is followed and supported by tertiary control reserve, which frees up the previous reserves [25] .
In the context of synchronous machines, the IR is understood as the inherent release of the stored kinetic energy in the rotating generator's rotor whenever there is an unbalance between generation and demand. In this case, the stored energy (E stored ) of a synchronous generator is determined by rotor moment of inertia (J) and its rotational speed (ω), as shown below [23] ,
When there is an unbalance of generation (P gen ) and demand (P load ) in the active power of the system with power rating S rated , the ROCOF is given by the swing equation [27] ,
3 . 2 .
1 . 
R T DS d S P AC E
Wi n d p o we r p l a n t
E n e r g y S t o r a g e S y s t e m L i -i o n B a t t e r y where, H is the inertia constant defined in [27] as
The typical value of the inertia constant for the CPP is between 2-9 seconds [28] .
For the whole system, inertia constant can be calculated by,
where, H i is inertia constant of the i-th unit, S i is power rating of the i-th unit, H sys is inertia constant of the system and S sys is power rating of the system.
III. SIMULATION ENVIRONMENT For investigating the technical viability of providing IR with
Lithium-ion battery ESS, a setup consisting of two real-time simulators (i.e. RTDS and dSPACE) was built. The laboratory setup is shown in Fig. 2 . The 12-bus grid model is simulated in RTDS and it is externally connected to the battery simulator and its energy management system (EMS). With this setup, it is possible to test the developed controller with a realistic battery model. Further, a physical battery may be connected to the simulator through an amplifier. The actual model layout composition is shown in Fig. 3 .
A. Grid Model
The grid (see Fig. 4 ) was modelled in RSCAD. It is based on the generic 12-bus system model for wind power integration studies described in [29] . Wind power plants are modelled as inverters with a dc power source to represent the wind power generation, as depicted in Fig. 5 . They do not provide any inertial or frequency response. The rating of every single WPP is 220 MVA. 
B. Energy Storage System Model
Modelling of the ESS consists of four parts and the structure of the model is presented in Fig. 3 . The Li-ion battery and EMS are modelled in Simulink and simulated in dSPACE. The power conditioning system (PCS) and converter control unit (CCU) are modelled in RSCAD and simulated in RTDS. The modelled PCS has the same structure as it is shown in Fig. 5 b) , with the difference that the voltage of the voltage source is determined by the terminal voltage of the detailed battery model desribed later. 1) Battery Model: As a simplification, it was considered that all the batteries were connected in series. In order to obtain the desired power rating, a battery scale factor is used in the RTDS model to reach the desired power rating. It was assumed that batteries are kept in air conditioned environment at 25
• C. Consequently, thermal influence on the batteries' performance is neglected. The Li-ion battery model was modelled based on the equivalent electrical circuit (EEC) from dSPACE Automotive Simulation Models library [20] , which was proposed and validated by Chen and Mora in [19] . This detailed model is applied in order to represent Li-ion battery dynamics during IR. This dynamics influence battery operation in terms of output power, charging/discharging capability and safety limits. To describe the battery dynamics, internal resistance (R Bat ), inductance (L Bat ), double layer behavior (C DL , R DL ) and diffusion behavior (C dif f , R dif f ) are considered. A typical voltage profile obtained for a discharging current pulse is presented in Fig. 7 . Moreover, the connection between the elements of the EEC and phenomenon which are occurring with different time constants are highlighted as well in Fig. 7 . The use of a more simplified model without considering the dynamics would not provide accurate behavior in the observed short time period. For parameterization of the Li-ion battery model, the chemistry with Lithium Iron Phosphate cathod and Graphite anode, LiFePO 4 /C was considered. The battery model parameters were obtained from experimental measurements and from manufacturer data sheets [30] , [31] ; the nominal power of the battery cell was considered at the nominal voltage and a current of 10 A. The cell open circuit voltage (OCV) is dependant on the SOC and its profile is shown in Fig. 6 . The other parameters of the EEC are derived from electrochemical impedance spectroscopy measurements, described in detail in [32] . The dependence of the internal resistance (R Bat ) on SOC is presented in Fig. 6 . Finally, the EEC layout with the constant element parameters assigned to battery dynamics parts is shown in Fig. 7 . The non-linear dependancy of the battery model parameters on current rate was not taken into account.
2) Energy Management System: The EMS controls the IR based on derivative control and on battery cells safety limits. The EMS scheme is shown in Fig. 8 . The input is the frequency measurement. The parameters are asssumed as K = 10, which stands for providing nominal power from the ESS, when ROCOF is 0.1 Hz/s and higher; and T = 1, which is based on results from performed simulations with varying T . A ROCOF deadzone is considered in the range of ±0.001 Hz/s that the ESS does not react to very small fluctuations. A factor of 5000 is used to convert the power from per unit system to absolute value. Limitations for current and voltage are applied based on [30] , [31] . The safety control acts and disable providing of the IR, when the cell voltage is below 2 V and above 4 V and when the SOC reaches 0 % or 100 %. The power requested is computed and sent to the CCU. The real power processed by the ESS into the grid is measured and applied back to the battery model. For the operation, the initial SOC level is set at 50 %. Thus, the ESS is capable to respond to frequency deviations in both directions. IV. STUDY CASES The objectives of the study were to investigate the changes in IR due to RES grid integration and afterwards improve the response by utilizing ESSs. The study cases have been carried out considering the methodology for assessment of IR proposed in [22] . At the beginning of simulation, the system is in steady state. The observing time period is ten seconds. The CPP G2 consists of four generation units. The frequency dynamics of the system is studied in the event of tripping of two units of G2, which results in an immediate loss of 200 MW at t = 1.0 s. The operational metric focuses on the minimum point of the frequency (f min ) and RO-COF. In [25] , the instantaneous minimum acceptable point of the frequency after loss of generation is determined as 49.2 Hz for grids operating at 50 Hz. According to [22] , the maximal acceptable value of ROCOF is considered as 0.4 Hz/s. The ROCOF is computed from frequencies at time 1.0 s and 1.5 s, which covers 500 ms detection time of relays. The frequency is monitored at Bus 5 as the bus with the highest WPP penetration and connection of the ESS. Frequencies at other buses vary based on distances and generator swinging; the maximum frequency deviation among different busses was found to be 0.05 Hz by simulation.
Two study cases have been performed. The first study case analyzes different levels of wind power penetration in the grid and describes their impact in terms of IR. For the second study case, the ESS is connected into the grid. Scenarios with different ESS sizes, in terms of nominal power, are presented and the utilisation of the ESS based on Li-ion batteries is evaluated. Furthermore, the second study case answers the question, what ESS size is necessary to eliminate the effect of the RES integration towards IR in the studied system. A. Study Case I.
This study case analyzes the effects of increasing wind power penetration in the grid on the IR. Five scenarios with different wind power penetration levels have been considered. The first scenario without any wind power penetration represents the original 12-bus system. Scenarios with 9 % and 16 % follow a pattern, where the load is increased with increasing the wind power penetration. The scenarios with 24 % and 33 % wind power penetration follow the second pattern, where increasing the wind power penetration causes decrease of CPPs. With each step of increasing wind power penetration level in the grid, one additional WPP is connected. Power production of the WPPs is assumed constant at all time. For the scenarios with 16, 24 and 33 % wind power penetration, the capacitor bank C5 is increased to 60 MVAr. In the case of 24 % wind power penetration, one generation unit of the CPP G3 (192 MVA) is switched off. Furthermore, with 33 % wind power penetration, two units of CPP G1 (in total 250 MVA) are additionaly disconnected. The list of scenarios and summary of the steady state active power parameters for CPPs, loads, and WPPs are summarized in Table I .
The inertia over the system and system inertia constant (H sys ) are shown in Fig. 9 . H sys is computed theoretically according to (4) from the generator parameters considering the situation after tripping two units from G2. Fig. 9 reflects the applied two patterns in increasing wind power penetration. In the first pattern, even though the total system inertia in absolute values remains unchanged, the per unit system inertia equivalent decreases due to increasing system size. In the second pattern -reducing CPPs, the total system inertia decreases as well.
The effects of wind power penetration levels on the ROCOF and f min are shown in Fig. 9 . With the first pattern, the RO-COF is increased about 0.01 Hz/s and f min is decreased about 0.01 Hz from the original scenario. It can be evaluated that the grid IR is intact and there is no impact to the grid stability.
In the scenarios following the second pattern, 24 % and 33 % wind power penetration, ROCOF is increased about 0.04 and 0.12 Hz/s and f min is decreased about 0.06 and 0.16 Hz, respectively. Even the scenario with the highest 33 % wind power penetration (f min = 49.43 Hz) fullfils the requirement of f min above the acceptable value of 49.2 Hz. However, The increase of wind power penetration in the grid results in decrease of the IR. This further results in increasing ROCOF and decreasing minimal point of frequency after the sudden disturbance, as it can be a generation loss or switching on a load.
B. Study Case II.
Due to negative effects of RES grid integration on the ROCOF and minimal point of frequency, the ESS based on Liion batteries is used to provide IR to the grid. In this context, it is evaluated the contribution to the grid IR and the influence of the ESS size.
To carry out this study, the ESS is connected to Bus 5, as shown in Fig. 4 . The nominal power of the ESS is varied from 1 MW to 35 MW. The results for ROCOF and f min are presented in Fig. 10 and Table III . Because f min has not violated the limit of acceptable minimum frequency in the scenario without the ESS, it is not of any concern here. ROCOF violates the acceptable limits, unless an ESS with nominal power higher than 5 MW is not connected.
For the studied conditions, in order to provide the same IR in terms of ROCOF as in the scenario without any wind power penetration level, the necessary size of the ESS is found to be 33 MW. This represents 7.47 % of reduced CPP nominal power in the system and 3.75 % of the total installed wind power capacity. In Fig. 11 , there is shown a comparison of frequency profiles for the scenarios without the ESS with 0 % and 33 % wind power penetration and the scenario with the 33 MW ESS with 33 % wind power penetration. The minimal frequency and the steady state frequency values are as well dependant on the PFR. Utilisation of the ESS in this case reduces the typical valley with the frequency nadir. Due to the reduced grid capability of the PFR by reducing CPPs, the steady state value of frequency is the same for the scenarios with 33 % wind power penetration with and without the ESS. Expressing the inertia constant of the ESS (H ESS ) is not straightforward as is in the case of synchronous machines. By using (3), H ESS is equal to 450 s. This value does not reflect the real contribution of the ESS to the IR in the grid. Therefore, (3) is not applicable in the case of the ESS. In order to estimate the H ESS , the following approach has been chosen. In (2), ∆P is the measured power provided by the ESS, S rated is the power rating of the ESS, ω and dω dt are measured values, all variables are related to t = 1.5 s. Finally, the average computed H ESS is 62.69 s, which is still not comparable to CPP values. The H sys is subsequently computed from (4) including the ESS unit (individual H ESS and S ESS ) and it is evaluated as the overall system inertia constant. Directly from (2) and frequency measurements at Bus 5, H Bus5 is computed and it represents inertia constant for the system appearing at Bus 5. H sys and H Bus5 show the contribution of the ESS towards IR in the system and its placement in Table III .
From the ESS point of view, providing IR with the applied settings causes in average only 0.5 % decrease in the SOC over the period of 10 s. This represents an inefficient utilization of the energy capacity, if the ESS provides only IR.
V. CONCLUSION
With RES grid integration resulting in reducing the number of CPPs, the grid IR is decreased and it can result in endangering the grid stability. Real time simulations for five different scenarios were performed to analyze the effect of wind power penetration in the studied system. It was observed that 33 % wind power penetration caused 0.12 Hz/s increment in ROCOF and 0.16 Hz decrement in the minimum frequency. The measured minimum frequency 49.43 Hz is higher than the least acceptable value of 49.2 Hz, but the ROCOF exceeds the allowed limits by 0.03 Hz/s.
The utilisation of the ESS has shown that the impact of wind power penetration on the IR can be reduced or neutralised with an appropriate size of the ESS. For the considered 33 % wind power penetration level, at least a 5 MW ESS is necessary to bring the ROCOF back to acceptable limit of 0.4 Hz/s. A large ESS is necessary for providing the similar grid IR as it is in the grid without any wind power penetration. It was found to be 33 MW Li-ion ESS for 2686 MVA test system. The effectivity of usage the ESS energy capacity is very low. Therefore the utilization of Li-ion ESS only for providing IR might be not suitable from the economic point of view.
Providing IR in combination with an other grid service, such as primary frequency regulation, can improve both the usage of the ESS capacity and the steady state value of the frequency. The overall performance of the ESS can be as well improved by combining the Li-ion battery technology with the supercapacitor ES technology into a hybrid system.
